Introduction
While silicon is the dominant material in today's micro-and nanoelectronics industry, as a result of the vast advantages of printable electronics, research has placed a predominant focus on alternatives to silicon that can easily be converted to inks. In particular, organic and metal-oxide semiconductors are vastly being researched in this field [1] [2] [3] . As semiconductors however, these materials lack in electronic device performance compared to polycrystalline silicon (poly-Si). They typically have lower field-effect mobilities (typically~1 cm 2 /Vs for organic, 10 cm 2 /Vs for metal-oxides, and 100 cm 2 /Vs for poly-Si), lower material stability, and lack a good balance between electron and hole mobilities, which obstructs their usage in energy efficient complementary metal-oxide semiconductor (CMOS) circuitry [4] [5] [6] .
In 2006, a liquid precursor, cyclopentasilane (CPS), was reported [7] which can be converted to polycrystalline silicon after a UV curing, thermal annealing, and laser crystallization step. Although this allowed for the first time printing of silicon, the thermal annealing of at least 350°C, formed a limiting factor in this process preventing the application of the material to low-cost flexible substrates that typically have a low thermal budget. In recent years however, it has been reported [8] that after curing the silicon precursor, the material can directly be crystallized by an excimer laser treatment, thereby avoiding the heating of the substrate. The excimer laser is a high intensity ultraviolet (UV) light source that is typically used in the semiconductor industry for the annealing of thin films without affecting the bulk material. This has led to application of the liquid silicon precursor on top of low-cost, flexible substrates such as polyethylene terephthalate (PET), polyethylene naphthalate (PEN) and even paper. Since the silicon ink reacts to UV light for curing, a question arises whether the excimer laser crystallization process of the silicon ink is predominantly thermal or photochemical. Therefore, in this work, crystallized samples are analyzed and compared to a simulation model.
Experimental details

UV photopolymerization of cyclopentasilane
The conversion from CPS, to poly-Si requires an intermediate polymerization step. CPS molecules undergo a ring-open polymerization into polydihydrosilane (polysilane), and in this process release hydrogen and low mass silane radicals [9] . The ring-opened molecules form chains and cross-links with their neighboring ring-opened molecules [10] . Depending on the intensity of the UV curing light source, hydrogen content and cross-linking density of the material can be controlled. A comparison between CPS films exposed to an intensity of 10 mW/cm 2 (similar to related works [8, 11, 12] ) and 300 mW/cm 2 has been made by analyzing the Raman spectra and absorbance over time in open air. The results are presented in Fig. 1 . At a UV intensity of 300 mW/cm 2 , an increased stability toward oxygen, and a stronger amorphous silicon signal was observed. Additionally, a change in color from transparent to 
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Thin Solid Films j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / t s f yellow was evident, which is caused by the bandgap narrowing of the material [13] . Ablation of hydrogen and silane radicals as a result of subsequent laser crystallization is thereby significantly reduced. Therefore, in this work, CPS cured with a UV intensity of 300 mW/cm 2 is taken as the starting material for crystallization and has been further studied.
Modeling excimer laser crystallization of polysilane
In solid silicon, laser crystallization is a thermally dominated process. This is because the incident light generates electron-hole pairs which by their intra-band thermalization and non-radiative recombination create phonons. This is the case for laser energies exceeding the band gap energy, hν N E g (excimer laser N 3.4 eV, polysilane bandgap ≈2.5 eV). In addition, for nanosecond pulse durations, common in excimer laser systems, thermal models are most commonly used since photogenerated charges thermalize before far diffusion in the material, and therefore establish a local equilibrium within the lattice [14, 15] .
In this work, a KrF excimer laser (248 nm, 20 ns) has been used for the polysilane crystallization. A simulation model has been constructed which considers the temperature-space profile evolution within the irradiated film that has a continuous material structure. The model is restricted to the surface heating path of the film cross-section (1D), since the laser beam spot size (2 × 2 mm 2 ) is much larger than the thermal diffusion length (few hundred nanometers to micrometers) and the fluence within the spot is uniform. The model considers 200 nm of polysilane on top of a 5 μm SiO 2 substrate. Although the physical samples used for this work had a larger substrate thickness of several 100 μm, it was observed through simulations that the difference is significantly small to allow this simplification. The polysilane film is modeled with mesh elements of 0.1 nm in size, the substrate has a coarser mesh size of 1 nm since the absorption of the laser light occurs solely within the silicon ink film. Each mesh element is subject to classical thermal transport equations. Details on the use of equations are stated in Appendix A.
Details of parameter extraction from polysilane are presented in the Appendix B. Table 1 summarizes the value of the necessary simulation parameters of polysilane and molten silicon, and compares them to parameters used for the simulation of amorphous silicon performed in related works [16] .
Results
Experimental results have indicated that the melting threshold of polysilane lies between 50 and 60 mJ/cm 2 . Fluences around this threshold energy density have been simulated, that is: 50, 60, and 70 mJ/cm 2 . The simulation results are compared to SEM images and Raman spectroscopy data of physical samples. Results of single pulse irradiation are presented in Fig. 2 .
Single pulse laser treatment results
At a laser fluence of 50 mJ/cm 2 , the melting temperature of 1440 K has almost been reached with a simulated maximum temperature of 1411.7 K. At this temperature, the material has softened. A small change in surface morphology is visible in the SEM image showing a wavy texture. The Raman spectrum shows an increase in the a-Si signal compared to a non-treated sample, but no crystalline signal is observed.
At a laser fluence of 60 mJ/cm 2 , the melting temperature has been reached. A further significant increase in temperature is prevented since the film melting absorbs heat (latent heat of fusion) at a constant temperature of 1440 K. Surface morphology has significantly changed: bead shaped structures have formed from the agglomerating molten film as a result of surface free energy minimization of the liquid material. The Raman spectrum shows a visible crystalline silicon peak (crystalline fraction Xc = 39%), with an amorphous silicon shoulder, indicating the presence of both material types inside the film.
At a laser fluence of 70 mJ/cm 2 , similar to the case of 60 mJ/cm 2 , the temperature of the surface does not further increase significantly due to the phase change and surface morphology did not change. In this case, the Raman spectrum indicated a much stronger c-Si peak (crystalline fraction Xc = 90%) overwhelming the a-Si signal due to the doubling of the melt depth, as simulated. Although higher laser fluences in 
general lead to bigger crystal grains, strong degassing and ablation effects are triggered, which adds to the increase in surface roughness and would hamper electronic device performance.
The time-to-melt decreases with increasing laser fluence, as shown in Fig. 2c . The curve decreases and saturates to 11.2 ns which is the time necessary for the laser pulse to reach its peak. For the melt duration, a proportional increase to the laser fluence is observed. Fig. 2d shows that the melt depth also increases proportionally to the laser fluences, although from a certain energy the effect of the SiO 2 interface will start to play a role and will decrease the speed of melt depth progression. Explosive crystallization in these simulations has not been taken into account, and these would increase the actual melt duration and depth.
When the thickness of the polysilane film reduces, the SiO 2 interface gets closer to the heated surface, allowing heat to transfer more easily to the substrate which cools the sample to a certain extent. There is a minimum polysilane thickness of approximately 100 nm, from which the threshold fluence does not change as a result of full energy absorbance. Effects other than the threshold fluence, for higher energy densities, may still change depending on the film thicknesses. The simulation results of the threshold fluence associated to various polysilane thicknesses are presented in Fig. 2e .
Compared to LPCVD a-Si simulations, the laser energy absorbed by the film is significantly higher as a result of the combination of optical and thermal properties of the polysilane film. Therefore, the melting temperature for polysilane was reached at much lower laser fluences. A threshold fluence of 52 mJ/cm 2 was found for polysilane (69 mJ/cm 2 for LPCVD a-Si). In addition, the melt depth is larger, resulting in a much larger crystalline fraction after the laser treatment. This indicates that an outof-equilibrium transition from polysilane to polycrystalline silicon is in effect, and an intermediate transition to a-Si is unlikely to occur, since the properties of a-Si do not allow its crystallization at such low fluences. 
Multiple pulse laser treatment results
For samples exposed to multiple laser pulses, a change in the starting material needs to be considered. For the case of high laser energy densities, where the starting material changes to poly-Si after the first pulse, the film will increase its crystallinity fraction as more pulses are irradiated. For laser fluences below but close to the threshold, while a single pulse does not reach the melting temperature, multiple pulses of the same fluence have revealed crystallization of the film. This was the case for a laser fluence of 50 mJ/cm 2 , and is attributed to the outgassing of the a-Si film causing a decrease in material density. This allowed the melting temperature to be reached after exposure to subsequent laser pulses. A reduction in density from 2.1 g/cm 3 to 1.9 g/cm 3 is applied for these simulations, since the rise in temperature from the initial pulse leads to hydrogen and radical evaporation from the material. Melting temperature for this lower density film is now reached at the same 50 mJ/cm 2 fluence as shown in Fig. 3 , in agreement with experimental data. Physically, this density change may not be sudden, and it may therefore take more than a second pulse to crystallize the film, depending also on the material conditions. For multiple pulses at even lower fluences, the polysilane is being annealed, and transforms into a-Si. As a result, the film does not reach the melting temperature, due to increases in density, decrease in heat capacity, and increase in thermal conductivity. This is further explained in the Appendix C. Although the change in density was used as a first approximation, other parameters will change as well. When density is decreased, it is likely to assume that the material also reduces its thermal conductivity, which would increase the film heating. At the same time, absorption and heat capacity will decrease, and lead to an overall decrease in film temperature. As a first approach, a decrease in density suffices, but a well-balanced combination should reach the melting point at 50 mJ/cm 2 which would reflect on the experimental results.
Discussion
Variations on laser type, starting material, and crystallization environment all have an impact on the crystallization result. A variation in wavelength and pulse duration changes the absorption of the light and duration of treatment and therefore changes the threshold fluence. The starting material may be manipulated by the curing process, which would effectively lead to a variance in material parameters. The simulations have accounted for a nitrogen environment. When the sample is treated in vacuum however, temperatures would significantly increase due to the absence of convective cooling.
This model can approximate the behavior of polysilane in the laser crystallization process but has a number of limitations that require attention. The simulation accuracy is largely dependent on the material parameters which are not easily extracted due to the strong sensitivity of the material to the open air. Approximations had to be made in some cases by using materials with similar properties such as polysilane annealed at 300°C and polyethylene. Some physical features are left out in the simulation such as hydrogen outgassing and material evaporation which play strong roles in the polysilane crystallization process. This outgassing is accounted for by the decrease in density in the multiple pulse section, however, the model does not include the dynamic loss in energy due to this outgassing. Additionally, since the simulations in this work describe the evolution of the system up to the melting point, the crystallization process during the cooling down is not described, since the employed equations only describe the cooling down without nucleation and crystal growth dynamics. Therefore crystallization phenomena such as explosive crystallization, where the molten film surface propagates deeper inside the film as a result of latent heat production and propagation, has not been modeled, and an actual melt depth and duration may therefore be higher than the simulated results suggest. Finally, the model only focuses on thermal effects from the UV laser light and has shown a good agreement to the experimental results, indicating the dominance of this physical effect on the laser crystallization process of polysilane. Photochemical effects by the irradiated UV light however will also have a minor role in the material transformation process, and this has not been added to the model. Despite these limitations, this model gives a good indication on the physics behind the excimer laser crystallization of polysilane.
Conclusion
In summary, we have analyzed the excimer laser crystallization of polysilane through finite-element analysis and experimental characterizations. Although polysilane transforms into an a-Si 3D network photochemically due to UV light, the thermally induced transformation from the excimer laser is overwhelming. The melting temperature is reached at relatively low fluences. Fluences of 50, 60 and 70 mJ/cm 2 were analyzed, and compared to experimental data. The melting temperature is reached for fluences higher than 52 mJ/cm 2 , and this was similar to the experimental data findings. Compared to LPCVD a-Si that has a melting threshold of approximately 69 mJ/cm 2 , a much lower threshold was found, therefore it is unlikely that the polysilane material transforms into a-Si in an intermediate step.
The film may crystallize after irradiating multiple pulses at fluences slightly below the threshold. Simulations were conducted by increasing the porosity of the starting material as a result of the initial laser pulse and confirmed this crystallization. Limitations in this model consist of the accuracy in the parameters used for the polysilane, the omission of physical phenomena such as energy loss during outgassing of the material, explosive crystallization, and the photochemical effect.
The model used in this work is based on a thermal model. Despite the omission of photochemical effects, the model shows a good agreement to experimental data, indicating the overwhelmingly dominating role of thermal over photochemical effects in this process.
Appendix A. Heat transport equations
Heat absorption and transport induced by laser absorption is described by the one dimensional Stefan equation [14] [15] [16] :
where, ∂T ∂t is the transient term, and accounts for the non-stationary behavior of temperature, and I(x, t) is the absorbed power density of the laser pulse at depth x and time t. Properties of the treated material are reflected in the equation as: α the absorption coefficient, ρ the density, C p the specific heat, κ the thermal conductivity, and ∂T ∂x accounts for the heat conduction in the solid.
Since it is assumed that the material is uniformly absorbing, the power density can be described by the Beer-Lambert law:
where I 0 is the output power density of the laser and R is the reflectivity of the material. This equation does not take into account the temperature dependence of the refraction index and the extinction coefficient that play a role in the reflectivity and absorption coefficient of the material.
The boundary condition at the bottom of the system is a fixed temperature of 293.15 K (Dirichlet condition), since the sample is always placed on a metallic chuck during laser annealing. The boundary condition at the top of the system is described by:
where n is the unit vector, normal to the surface, h the convective heat transfer coefficient, and T ext the constant ambient temperature of 293.15 K. For h, a value between 1 and 100 W/m 2 K is common for open air. In this work, a value of 1 W/m 2 has been used since the treatment is conducted within a confined ambient, although variations of this value has a negligible effect on the final simulation result. In order to account for a smooth phase transition from polysilane to molten Si, a Heaviside step-function is triggered when the sample temperature increases above the melting point. Additionally, latent heat is implemented for the phase change from solid a-Si to molten silicon. A Gaussian curve is used with a standard deviation of 0.5 K, which allows a smooth transition of the latent heat around the melting temperature. The laser pulse time profile used in this simulation is based on an extraction from a physical excimer laser source. The solver time-step of the simulation is 0.1 ns.
This model assumes that melting and solidification occur at equilibrium phase-change temperature and that the introduction of interfacial kinetics into the modeling is not necessary.
Appendix B. Polysilane parameter extraction
Polysilane used for crystallization analysis in this work is prepared first by curing pure CPS for 30 min under a UV light with intensity of 10 mW/cm 2 , followed by a UV curing of 300 mW/cm 2 for 30 min at 80°C. Since a self-capping effect is present when curing with higher intensities, a weakly cured bulk is still present deeper inside the film. The capping layer is approximately 70 nm (penetration depth at 365 nm wavelength). The bulk of the excimer laser energy will be absorbed by this part (penetration depth of 40 nm at 248 nm wavelength) which makes the extracted parameters still relevant as simulation data although the model takes into account structurally uniform geometries. Values used in the simulation model are either extracted from measurement data or approximated by using values for comparable materials. These values are used as a first approximation and are subject to adjustments when reflected on experimental data of the crystallized samples.
B.1. Absorption coefficient and reflection
Transmission, reflection and absorbance of polysilane have been measured using the Lambda 950 (PerkinElmer) spectrophotometer equipped with a total integrating sphere (TIS). The sample was prepared on a quartz substrate. The absorption coefficient for polysilane is 2.5·10 5 cm −1 for the KrF wavelength of 248 nm, and is calculated by:
Reflectance at this wavelength was found to be 10%. The absorption spectrum and reflectance are shown in Fig. B1 .
B.2. Density
For the density of polysilane cured with 300 mW/cm 2 a value of 2.1 g/cm 3 is chosen. This is due to the strong similarity in both Raman as well as absorption spectra between this sample and the sample created by Masuda et al. which was annealed at 300°C [13] . The density for this sample was found to be approximately 2.0 to 2.1 g/cm 3 .
B.3. Heat capacity
Heat capacity has been measured using differential scanning calorimetry (PerkinElmer DSC7), where a heated sample is monitored while being compared to an equally heated reference. For these measurements 10 μL of CPS was poured into a small aluminum container and was cured for 30 min under 10 mW/cm 2 UV light. Subsequently the sample was cured with the stronger 300 mW/cm 2 UV light for 30 min at 80°C. The container was air-tight sealed and brought outside of the glovebox for measurements. Fig. B2 shows the results of the DSC measurements. The initialization of the experiment caused the first heat capacity jump from 0 to approximately 1.6 J/gK close to room temperature. A thermal dependence was found when the temperature is further increased. This thermal dependence of heat capacitance is much stronger for the polymer (≫1.11 J/kgK) than for a-Si(0.0917 J/kgK) [16] . The measurement range however, was limited up to 150°C since the material would slowly transform into amorphous silicon for increasing temperatures as a result of cross-linking. Due to the slow temperature increment of the measurement setup of 10°C per minute, the gradual increase of the specific heat is likely a result of the change of material properties. The polysilane exposed to the laser light however, would rapidly heat up to over a 1000 K in a few nanoseconds, thus it will not have time to undergo the transition into a-Si, and a strong thermal dependence such as the one observed is unlikely to occur.
Polyethylene is similar to polysilane with the same monomer structure, but instead of silicon atoms as the molecular backbone, carbon atoms are present. Because it has a similar structure to polysilane, it will form a good reference for parameter comparison. The heat capacity of polyethylene is 1900-2300 J/kgK (high density-low density). The measured heat capacity of 1600 J/kgK is similar but lower due to two important reasons: First, the polysilane found in the bulk of the measured content, is branched. It is more branched than the low density polyethylene (1-3% of carbon atoms [17] , as opposed to approximately 20% for polysilane [10] ), which as a result would decrease the heat capacity of a polymer. The second reason is that a high intensity curing treatment is employed to more strongly cross-link the top fraction of the measured polysilane. If this value is close to the one of a-Si (»980 J/kgK) the total value should be somewhat lower. A fixed heat capacity of 1600 J/kgK as observed from the DSC measurement results.
B.4. Melting temperature and latent heat
In general the melting point of a material is strongly depending on its molecular structure. The molecular weight, spatial arrangement (packing density) and intermolecular interactions are key parameters in the melting point [18, 19] . Polysilane chain sizes vary from approximately 10 2 to 10 6 g/mol [10] , and a precise melting temperature is therefore difficult to define a-priori. Cross-linking also plays a strong role and the higher degree of cross-linking between the polysilane chains, the more it would behave as a-Si. Considering the heavily cured polysilane for these simulations, it has been concluded that the a-Si melting point of 1440 K is a reasonable starting assumption for the polysilane used in this work.
Latent heat of fusion is related to the phase change of the material. As a result, it is dependent on the melting point of the film. As a first approximation, the latent heat for hydrogenated amorphous silicon (1320 J/g) has therefore been chosen.
B.5. Thermal conductivity
For the thermal conductivity of the material, it was difficult to make accurate measurements since the measurement setup requires a large amount of material which would make the curing treatment not feasible. Thermal conductivity is dependent on the type of bonds in the material, since heat is transferred through lattice vibrations and free electrons. The carbon counterpart of polysilane, polyethylene, has a thermal conductivity that varies between 0.4 and 0.5 W/(m·K), depending on its density. Polysilane used in this work is more branched and cross-linked compared to polyethylene which would increase the thermal conductivity since it approaches the 3D connectivity of a-Si, which has a conductivity of 1 W/(m·K). A thermal conductivity of 0.7 W/(m·K) has therefore been chosen.
Appendix C. Excimer laser pre-annealing
Excimer laser crystallization allows the treatment of thin layers of silicon without the thermal damage of the substrate or underlying layers. This is due to the short pulse duration (few tens of ns), and the high absorption coefficient of silicon (10 5-6 cm −1 ). The crystallization is the result of the absorption of the laser light translated to a sharp temperature increase of the material. As a result, the melting point of amorphous silicon (1200°C) is reached.
Silicon intended to be crystallized, generally has a high hydrogen content. This is due to its synthesis which is meant for low- temperature processes. A PECVD Si deposition process commonly results in a hydrogen content of the a-Si film of approximately 10%.
When the excimer laser fluence is high enough (reaching the Si melting temperature), during the sharp temperature increase, the hydrogen explodes out of the film, known as ablation. This process leaves a very rough and damaged silicon film, which is detrimental to the performance of the final TFT devices.
Reducing the hydrogen content can reduce ablation. It would also allow even higher laser fluences to be irradiated on the film which would result in bigger crystal grains. This can be done by thermally annealing the hydrogenated silicon in a furnace above 400°C for a few hours [20] [21] [22] . This, however, takes away the purpose of using an excimer laser crystallization method on top of low-thermal budget substrates.
An alternative for reducing the hydrogen content is to use the excimer laser itself at low laser fluences, which would avoid damage to the underlying temperature sensitive layers. Hydrogen ablation is only initiated from certain laser energy densities, generally reaching the film melting temperature. Exposing the film to fluences below this energy, does not melt the film, but removes the hydrogen content, especially at the film surface. The laser fluence can then be slowly increased to remove more hydrogen until the crystallization fluence is reached without significant damage from ablation. This has been shown by numerous other groups in the case of PECVD a-Si:H [23] [24] [25] . The hydrogen issue exists also in the case of liquid silicon, annealed at 350°C. Zhang et al. therefore, used a thermal treatment of 650°C to two orders of magnitude worth of hydrogen from the film (from 1021 to 1019 [H] cm −3 ) [20] . This allowed higher laser fluences to be irradiated on the sample without ablation. Later, Zhang et al., replaced the thermal dehydrogenation treatment with a laser induced pre-annealing [12] . In this work, experiments have been conducted regarding the laser induced pre-annealing process, since polysilane has much more hydrogen than thermally annealed amorphous silicon, and high temperatures cannot be used.
SEM images have been analyzed from a film that has been preannealed with 100 pulses of 20 mJ/cm 2 , followed by 100 pulses of 40 mJ/cm 2 . After the pre-annealing treatment, the film morphology has not changed at an optically observable level. When exposing the pre-annealed film to a single pulse of 70 mJ/cm 2 , the film gets a wavy texture, similar to when the untreated film is exposed to a single pulse of 50 mJ/cm 2 . This proves that higher energy density pulses could be irradiated, without damage, on films that have had a laser pre-annealing treatment. For this particular pre-annealing treatment the film still agglomerates at higher energy densities of 100 mJ/cm 2 . The SEM images of the pre-annealed samples are presented in Fig. C1 .
When looking at Raman spectra, that for which a single pulse would have resulted in poly-Si now becomes a-Si. Although higher fluences can be irradiated after a pre-annealing laser treatment, even higher laser fluences are necessary in order to crystallize the film. This is due to the structural change that the material inhibits: The film first turns into a densified a-Si [26] . After this, the crystallization process requires higher fluences, while in the reactive polysilane case the fluence necessary for crystallization is relatively low. A trade-off has to be made between keeping polysilane as a highly reactive material, and preventing ablation.
In the manuscript, single pulse laser annealing treatments have been simulated and matched to the experimental results. In addition, the scenario for multiple pulses was discussed. It was concluded that multiple pulses would lead to a porous silicon material due to the release of silicon hydride radicals and hydrogen. Other effects may have also played a role at the same time, although the dominating effect would be the structural change in material density for a specific, threshold level laser fluence (50 mJ/cm 2 ).
When the polysilane is treated however at lower laser fluences, although dehydrogenation and material outgassing occurs, since the temperature for crystallization is not reached, material densification occurs. This is also found for processes where the a-Si is dehydrogenated in a furnace [20] . A transition toward strongly cross-linked a-Si is present at these lower fluences. Consequently an a-Si structure requires higher laser energy fluences in order to be rearranged into a crystalline silicon structure. Transient heat simulations confirm this increase in threshold fluence.
For the crystallization of polysilane, ablation plays a large role due to the high hydrogen concentration inside polysilane films (~67%). Exposing the film to laser energy densities below crystallization levels helps remove the hydrogen and silicon hydride radicals. As a result, higher laser fluences can be irradiated on the film without ablation. Simulation results matching with experimental data, suggest that the material transforms into a-Si rather than becoming porous. This is in contrast to multiple pulse exposures close to the threshold fluence at 50 mJ/cm 2 . The pre-annealing fluence is low enough to increase the cross-linking of the film. Therefore, the threshold fluence is increased. Optimization of the excimer laser pre-annealing process is required to obtain a good balance between the removal of hydrogen, while maintaining the high reactivity of polysilane.
